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Reinforced concrete short-span solid-slab bridges are used to compare Dutch and North American practices. As an assessment of existing solid-slab bridges in the Netherlands showed that the shear capacity is often governing, this paper provides a comparison between Aashto (American Association of State Highway and Transportation Officials) practice and a method based on the Eurocodes, and recommendations from experimental research for the shear capacity of slab bridges under live loads. The results from recent slab shear experiments conducted at Delft University of Technology indicate that slabs benefit from transverse force redistribution. For ten selected cases of straight solid-slab bridges, unity checks (the ratio between the design value of the applied shear force and the design beam shear resistance) are calculated according to the Eurocode-based method and the Aashto method. The results show similar design shear forces but higher shear resistances in the North American practice, which is not surprising as the associated reliability index for Aashto is lower. strain at mid-depth of the cross-section ρ l flexural reinforcement ratio σ cp axial stress on the cross-section (positive in compression) τ add shear stress due to self-weight of slab and forces on prestressing bars τ combination sum of τ conc and τ line τ conc shear stress due to concentrated load over the effective width τ line shear stress due to distributed load over the full width τ tot,cl ultimate shear stress in experiment with concentrated load only ϕ resistance factor
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Introduction
A large number of existing reinforced concrete bridges in the Dutch road network consist of short-span solid-slab bridges. As these bridges often have a simple geometry, they provide an excellent case for a comparison between European and North American practices. In the Netherlands, the Ministry of Infrastructure and the Environment initiated a project to assess the shear capacity of existing bridges (60% of which were built before 1975) under increased traffic loads as prescribed by the recently implemented Eurocodes. In total, the shear capacity of 600 reinforced concrete slab bridges needs to be studied. Preliminary calculations indicated that the shear capacity can be insufficient (Walraven, 2010) even though no signs of distress are observed.
The large number of solid-slab bridges to be assessed requires a systematic approach. The goal of the first round of assessments is to determine which particular bridges require a more detailed analysis; for this, a fast, simple and conservative tool is required (e.g. the quick scan method (Lantsoght et al., 2013a) ). The quick scan is a spreadsheet-based method, similar to extended hand calculations (Vergoossen et al., 2013) . The quick scans result in 'unity check' values; that is, the ratio between the design value of the applied shear force resulting from loads on the bridge according to current codes (dead loads, superimposed loads and live loads) and the shear resistance. The critical loading case on a slab occurs with a design truck close to the free edge parallel to the driving direction (Cope, 1985) , and this is the case considered in the quick scan.
Literature survey
Although slab bridges are calculated as beams with a large width without taking the beneficial effect of the extra dimension into account, some researchers have studied the behaviour of this bridge type and showed that the capacity is larger than the rating (Aktan et al., 1992; Azizinamini et al., 1994a Azizinamini et al., , 1994b .
The shear failure modes that need to be verified are flexural shear and punching shear. Flexural shear failure results in an S-shaped shear crack at the side face of the slab, or, if the slab is very wide, the crack can develop in the interior of the slab (Figures 1(a) -1(c)). Punching shear failure results in the punching out of a concrete cone. If sufficient flexural reinforcement is provided, the cone will not be clearly visible, but cracking on the opposite face of the load will indicate punching failure (Figures 1(d) and 1(e)). The check for flexural shear for slab bridges can be carried out with the quick scan method, where the occurring shear stress from the loads is compared with the flexural shear capacity. Punching checks are beyond the scope of this paper, but need to be carried out on a perimeter around the loads, where the occurring shear loading is compared with the punching shear capacity.
For flexural shear in wide members, an effective width needs to be determined. The effective slab width in shear is theoretically determined so that the reaction resulting from the total shear stress over the width of the support equals the reaction from the maximum shear stress over the effective width. For design purposes, a method of horizontal load spreading (depending on local practice) is chosen, resulting in the effective width b eff at the support. In Dutch practice, horizontal load spreading is assumed under a 45°angle from the centre of the load towards the support (Figure 2(a) ) and, in French practice, (Chauvel et al. 2007 ) from the far corners of the loading plate (Figure 2(b) ). Currently, the only code that prescribes an effective width for shear in wide members is Model Code 2010 (fib, 2012) (Figure 2(c) ). The UK currently has no codified practice for determining the effective width in shear. (Aashto, 2015) , a combination of a design truck or design tandem with a design lane load is considered (Figure 4 ). The tyre contact area is 510 mm Â 250 mm for design truck and tandem. The design truck has three axle loads: 35 kN and two times 145 kN. The longitudinal spacing between the two 145 kN axles is varied between 4300 mm and 9000 mm to produce extreme force effects. The transverse spacing is 1800 mm. The design tandem consists of a pair of 110 kN axles spaced 1200 mm apart and with a transverse spacing of 1800 mm. A dynamic load allowance (IM) of 33% has to be considered for both the design truck and the design tandem (Aashto, 2015 : table 3.6.2.1-1). The design lane load from Aashto LRFD consists of a load of 9·3 N/mm uniformly distributed in the longitudinal direction. Transversely, the design lane is assumed to be uniformly distributed over a 3 m width, which is smaller than the full lane width (3·6 m). This width marks the largest difference in the way the Eurocode and Aashto prescribe the lane load.
Comparison of Eurocodes and
Shear capacity
According to §6.2.2(1) of NEN-EN 1992 -1-1:2005 (CEN, 2005 , the shear resistance for a member without stirrups is calculated as 1:
where all the terms are defined in the notation list, d l is in mm and k 1 = 0·15. Equation 1 is an empirical relation, first proposed by Regan (1987) based on experimental results (Lantsoght et al., 2015d . According to the Eurocode procedures, the values of the factor C Rd,c and the lower bound of the shear capacity v min may be chosen nationally. The default values are C Rd,c = 0·18/γ c with γ c = 1·5 and v min ( f ck in MPa) given by
The contribution of a load applied within a distance 0·5d l ≤ a v ≤ 2d l from the edge of a support to the shear force V Ed may be multiplied by the reduction factor β = a v /2d l (CEN, 2005: §6.2.2(6)) as a result of direct transfer of the load from its point of application to the support.
The Aashto load and resistance factor rating (LRFR) (Aashto, 2011: §6A.5.8) mentions that in-service concrete bridges showing no visible signs of shear distress need not be checked for shear when rating for the design load. This code requirement is not in line with the current practice in several European countries, where all existing bridges need to be rated for shear as a result of the increased live loads and new shear models. When shear rating is carried out, the critical section for shear is taken at the face of the support (Aashto, 2015: §5.13.3.6.1) . The sectional design model, based on modified compression field theory (MCFT) (Vecchio and Collins, 1986) , is given in §5.8.3. MCFT describes the stress-strain relationships for cracked concrete. In a member without transverse reinforcement, the shear capacity depends fully on the concrete contribution V c , given by 4: 
The sectional moment has to fulfil
The resistance factor for shear is ϕ = 0·90 (Aashto, 2015: §5.5.4.2.1).
Load factors
The Eurocode suite only provides load and resistance factors for design and the Eurocodes for rating and assessment are under preparation. To allow for assessment according to the basic assumptions and philosophy of the Eurocodes (Lantsoght et al., 2015c) , a set of national codes is being developed in the Netherlands: NEN 8700 for the basic rules (NEN, 2011a), NEN 8701 for actions (NEN, 2011b) , NEN 8702 for concrete structures (to be published) and so on. The load factors for the safety level 'repair', as used for bridge assessment in the Netherlands, are given in tables A1.2(B) and (C) of NEN 8700 (NEN, 2011a). These factors correspond to a reliability index β rel = 3·6 for consequence class 3 (Steenbergen and Vrouwenvelder, 2010) . This class (NEN-EN 1990 (CEN, 2002 : table B1) defines a high consequence for the loss of human life or very great economic, social or environmental consequences. For dead loads, a factor γ DL = 1·15 is used and, for live loads, γ LL = 1·3.
For LRFRs according to the Aashto bridge evaluation manual (Aashto, 2011) , the factors for design load at the operating level are used. Load ratings based on the operating rating level generally describe the maximum permissible live load to which the structure may be subjected and, as such, is described in a similar way as the repair level from NEN 8700 (NEN, 2011a) . Allowing unlimited numbers of vehicles to use the bridge at operating level may shorten the life of the bridge. In table 6.A.4.2.2-1 of the bridge evaluation manual, the load factors are given as γ DL = 1·25 for the dead load, γ DC = 1·50 for superimposed loads and γ LL = 1·35 for live loads. The definition of the operating level is thus similar to the 'repair' level from NEN 8700. The target reliability index of these factors is β rel = 2·5 (Ghosn et al., 2010) (which is considered as the lower bound for loss of human life in European practice) and is thus considerably lower than the index related to the Dutch 'repair' level.
Results from experimental research
Experiments on slabs failing in shear
Experimental research on a half-scale model of a solid-slab bridge was carried out at Delft University of Technology (Lantsoght et al., 2013c (Lantsoght et al., , 2014 (Lantsoght et al., , 2015a . Slabs of dimensions 
5 m Â 2·5 m Â 0·3 m and slab strips of 5 m Â 0·3 m with variable widths were tested. A top view of the experimental setup is presented in Figure 5 , showing two different support layouts. A displacement-controlled concentrated load was placed at different positions along the width and close to support 1 or close to support 2 at a variable distance to the support. In a second series of tests, a force-controlled constant line load of 240 kN/m at 1·2 m from the support was added. Different support conditions were also used -line support, three elastomeric bearings per side or a line of seven steel or elastomeric bearings. Support 1 is a simple support and support 2 is considered as a continuous support. Prestressing bars, anchored to the laboratory floor, were used to partially restrain the rotation at support 2 and thus create a moment over support 2.
In total, 26 slabs (18 under a concentrated load only and eight under a combination of loads) and 12 slab strips were tested. The properties of the specimens, the setup and loading were varied such that the following parameters could be studied: size of the loading plate; existing cracks and local failure; transverse flexural reinforcement; moment distribution at the support; distance between the concentrated load and the support; concrete compressive strength; overall width; reinforcement type (smooth bars or deformed bars), line support versus elastomeric bearings; and a combination of loads (Lantsoght et al., 2012b (Lantsoght et al., , 2013b .
Choice of horizontal load spreading method and minimum effective width
Earlier research (Lantsoght et al., 2015b) showed that the effective width as used in French practice is to be preferred. This conclusion was based on statistical analysis of the ratio of the tested to the predicted values (based on the shear formula from the Eurocode) and also on the results from the series of slab strips with increasing widths. The results of the experiments showed that the lower bound for the effective width (both for loading in the middle of the slab width and close to the edge) was equal to 4d l .
Increase in capacity close to support: β new
To take into account the higher shear capacities of slabs, an additional enhancement factor reducing the contribution of concentrated loads to the total shear force was proposed (Lantsoght et al., 2013a) ; this factor is equal to 1·25 (as a 5% lower bound of the ratio of the tested to predicted values for loads close to supports). The enhancement factor and the reduction factor β = a v /2d l can be combined into β new = a v /2·5d l 
The hypothesis of superposition
In the literature and the resulting slab shear database, no reports are made of experiments on slabs under a combination of concentrated and distributed loads. In some experiments (Reißen and Hegger, 2013; Rombach and Latte, 2009 ), a small line load (edge load) was applied at the tip of a cantilevering deck, which is not representative of large distributed loads such as the dead load. The experiments carried out on slabs under a combination of loads prove that the hypothesis of superposition is valid; that is, the sum of the shear stress due to the concentrated load over the effective width (τ conc ) and the shear stress due to the distributed load at failure over the full width (τ line ) is larger than or equal to the ultimate shear stress in an experiment with a concentrated load only (τ tot,cl ) ( Figure 6 ).
4.5
The influence of flexure on the lower bound for shear
The expression for v min (Equation 3) is based on the idea that, for low reinforcement ratios, the capacity can never be lower than the flexural capacity (Walraven, 2013) and assumes yielding of the longitudinal reinforcement at a characteristic yield strength f yk = 500 MPa (Walraven, 2002) as well as sufficient anchorage capacity. However, most existing bridges are reinforced with lower grade steel. Before 1962, the standard reinforcement in the Netherlands was a type 'QR24' ( f yk = 240 MPa). Therefore, the expression for v min is derived as a function of f yk (Walraven, 2013) . The resulting expression for v min for lower grades of steel, assuming sufficient anchorage capacity, was found to be 9:
For f yk = 500 MPa, Equation 9 becomes Equation 3. The lower bound of the shear capacity is thus increased for elements reinforced with lower strength steel, as flexural failure will govern for a larger range of shear stresses. As a result, the unity check for flexure for cross-sections with a low flexural capacity will be higher and the governing failure mode will be flexure. Moreover, at the end supports, sufficient anchorage needs to be provided to apply Equation 9.
Practical applications: the quick scan approach
Eurocodes, the NEN 8700 series and recommendations
In 2008, a first quick scan method based on the Dutch codes was developed by Dutch structural engineering companies for the Ministry of Infrastructure and the Environment (Rijkswaterstaat) . The Eurocodes, the NEN 8700 (NEN, 2011a) series and recommendations based on the experiments were implemented into the quick scan (QS-EC). Materials research on existing bridges indicated that, for the slab bridges owned by Rijkswaterstaat (designed and built in the same era), a minimum concrete cube compressive strength of 45 MPa can be assumed (Steenbergen and Vervuurt, 2012) .
For superimposed loads, the thickness of the wearing surface is assumed to be 120 mm. Vertical stress redistribution through the asphalt layer is taken at a 45°angle, so that the Eurocode wheel print of 400 mm Â 400 mm is replaced by a fictitious wheel print on the concrete surface of 640 mm Â 640 mm.
All trucks are assumed to be centred in the fictitious lane. Based on the recommendations developed from the experimental research, the most unfavourable position (Figure 7 ) of the truck loads to determine the maximum shear force at the edge of the viaduct is obtained by placing the first design truck at a v = 2·5d l . This distance is governing since the recommendations take the influence of direct load transfer into account up to 2·5d l (Rijkswaterstaat, 2013) . For assessment of existing bridges, an asymmetric effective width is chosen in the first
(a) (b) Figure 6 . Superposition of shear stress due to a concentrated load over the effective width to the distributed load over the full slab width: (a) concentrated load only; (b) concentrated load and line load
Bridge Engineering Using Eurocodes and Aashto for assessing shear in slab bridges Lantsoght, van der Veen, de Boer and Walraven lane. Use of an asymmetric effective width results in the resultant force of the wheel load not coinciding with the resultant force of the distributed shear stress. In the second and third lanes, the design truck is placed so that the effective width (Figure 7 ) of the first axle starts at the edge of the viaduct.
The increased contribution of the lane load in the first lane to the resulting shear stress can be approximated based on a triangular distribution, as shown in Figure 8 (a). The resulting shear force is then 10:
with 11:
In the approach from Figure 8 (a) it is assumed that the slab is infinitely stiff in the transverse direction but weak in torsion. A slab bridge, however, has torsional stiffness, which can be estimated with the approach of Guyon-Massonet. The proposed method from Figure 8 (a) should give more conservative shear forces than the analysis based on the Guyon-Massonet method. To obtain this result, the maximum width b over which the triangular distribution is used is limited to 0·72l span (Lantsoght et al., 2012a) . A model factor of 1·1 is added. The lower bound of this approach is determined by a vertical load distribution under an angle of 45°to half the slab depth d l /2, as shown in Figure 8 (c) 15:
The quick scan method was developed for statically determinate structures. As the shear force at the mid-support for statically indeterminate structures can be larger, the quick scan method needs to be altered for these cases. The solution is the use of correction factors, which were developed based on case studies of multiple-span structures (Lantsoght et al., 2012a) . The correction factor is the ratio of the shear force in the statically indeterminate case to the shear force in the statically determinate case. The cases that were studied are applicable within the scope of the quick scan: three or four spans, with end spans of 0·7l span and 0·8l span , cross-sectional depths of 600-1000 mm and edge distances (distance between the free edge and the centre of the load, b r ) between 300 mm and 1400 mm.
Aashto LRFR and LRFD
A quick scan according to North American practice was also developed (QS-Aashto). Vertical force redistribution through d asphalt = 120 mm is assumed at a 45°angle for the axle loads and to d l /2 for the lane load. The spreadsheet selects whether the design tandem or design truck, assumed to be centred in the fictitious lane, results in the largest shear forces. The most unfavourable position of the vehicular loads to determine the maximum shear force at the edge of the 
Comparison based on ten selected cases
The calculation method based on the Eurocodes, the NEN 8700 (NEN, 2011a) series and experimental recommendations was compared to the calculations based on the bridge evaluation manual (Aashto, 2011) and LRFD (Aashto, 2015) . Nine existing solid-slab bridges that are straight or have insignificant skew angles, with at least three spans and an (almost) constant cross-sectional depth were checked at a minimum of three different cross-sections ( Figure 9 ) and at one section for the example reinforced concrete slab bridge (MBE-A7) from the Aashto bridge evaluation manual (Aashto, 2011) . The results are shown in Table 1 . The MCFT reduces the size of the aggregate (a g ) to 0 mm for high-strength concrete to account for the reduced aggregate interlock capacity in high-strength concrete (Vecchio and Collins, 1986) . A similar limit is not found in Aashto LRFD (Aashto, 2015) .
As a result, the unity checks according to the QS-Aashto are lower than those of the QS-EC. On average, the QS-Aashto unity check for shear is only 44% of the QS-EC unity check (with a standard deviation of 0·10). With the QS-EC, eight sections in five viaducts were identified as needing further investigation. With the QS-Aashto, all sections rated as sufficient. The MBE-A7 example does not require shear checking according to the bridge evaluation manual (Aashto, 2011) , which is reflected by the small QS-Aashto unity check value. However, calculating this example with QS-EC results in a unity check value more than three times larger.
Summary and conclusions
Reinforced concrete slab bridges were used to study the differences and similarities between North American practice and the Eurocodes. A shear check was carried out at the support with a quick scan spreadsheet, resulting in a unity check, which is the ratio between the design shear stress and the design shear capacity.
Taking into account the load factors from the 'repair' level of NEN 8700 (NEN, 2011a) and the 'design operating' level of Aashto LRFR (Aashto, 2011) results in similar shear stresses at the support. Even though the descriptions of the requirements for the safety levels are similar in the codes, the underlying safety requirements, expressed as the required reliability index, are very different.
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